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Description 

Technical Field 

— 

tOOOl] The invention relates to the use of turbulator 
for damping or completely preventing stall vibrations in 
wind turbine blades and to a wind turbine having a blade 
provided with a turbulator. Trie expression turbulatoT" 
denotes In this context a turbulence inducing means. 

Background Art 

[00O2J it is known that so-called stall vibrations occur 
In the wind turbine blades under operation high winds. 
The vibrations may occur both in flap-wise direction (ie 
perpendicular to a plane through the leading and trailing 
edge of the blade) and in edge-wise direction (ie in the 
plane through the leading and trailing edge of the blade) 
as well as in combined directions. The stall vibrations 
can be very severe and seriously reduce the life of the 
blades. A particularly adverse circumstance is that the 
symmetrical condition in the edge-wise vibration state, 
in which two blades vibrate in phase opposition, often 
makes it difficult to recognise the stall vibrations from 
the stationary part or the wind turbine. The blades may 
thus be in a critical state with high vibration amplitudes 
without error signals being given by a normal vibration 
warning device. 

[0003] It is known that stall vibrations mainly occur on 
certain blade types and maybe even only when using 
certain types of wind turbines. The reason hereforfe not 
commonly known and no analytic methods exist to pre- 
determine whether a given blade type, possibly In con- 
nection with a specific type of wind turbine, will cause 
stall vibrations. 

[0004] Tests carried out by the Inventors have shown 
that a great risk of stall vibrations in a given blade type 
is Involved when the blade Is mounted on one type of 
windturbine having certain structure dynamic properties 
and only a small risk or none at all Is Involved when the 
blade is mounted on anothertype of turbine having other 
structure dynamic properties. These test results are not 
commonly known. 

[0005] H Is known that the occurrence of stall vibra- 
tions may be prevented by shutting down operation in 
high winds. The drawback of this option Is that ft may 
result In a reduction in or shut-down of the operation al- 
ready at wind speeds in the range of 1 6- 1 8 nvs., while 
modem wind turbines otherwise usually are-expected to 
have a cut-out wind speed of 25 m/s.. The tes6 of pro- 
duction resulting from the shut-down of the operation in 
thefrequently occurring higher wind speeds are in many 
instances unacceptable. 

[0006] It is also known that stall vibrations may be 
dampen by built-in vibration. dampers in the blades. The 
drawback of this option Is that the mere size of a vibra- 
tion damper for a large wind turbine blade Is considera- 
ble and substantial costs are thus incurred at the use 



thereof and further in many cases maintenance is re- 
quired. 

[0007] Apart from the possibility of built-in vibration 
dampers no methods for damping stall vibrations are 
& presently known. 

[0008] It is known that the lift properties for a blade 
cross-section with a given profile may be altered in var- 
ious ways. One way is to mount a turbulator on or close 
to the leading edge of the blade. The use of such turbu- 
10 lators on aeroplanes are known. On wind turbines ta- 
bulators In form of stall strips are exclusively used for 
adjusting the power curve of the turbine or in particular 
cases for altering the noise emission of the blade, (con- 
fer Danish utility model No DK 9500239 W, especially 
15 Rg. 3). Further Derwenrs abstract No 97-117539/11, 
week 9711, Abstract of Ru. 2063545 discloses a turbu- 
latof of triangular cross-section arranged at the leading 
edge of a rotor blade. 

20 Brief Description of the Invention 

[0009] The object of the invention is to provide a par- 
ticularly simple manner for damping or preventing stall 
vibrations. 

25 [OO10J This object is obtained by means of a wind tur- 
' bin e having the features set forth in claim 1 . The strip- 
shaped turbulator segments arranged interspaced on 
the leading edge of a wind turbine blade result in a hith- 
erto unknown and surprisingly advantageous damping 
so or a complete removal of stall vibrations In situations, in 
which stall vibrations otherwise would be expected due 
to the combination of wind turbine blade and wind tur- 
bin e structu re used, and In which stall vib rations hitherto 
have been considered a serious problem which could 
35 only be solved satisfactorily by using buiIMn vibration 
dampers. 

[0Q1 1] The invention thus enables operation of types 
of wind turbines, where the cut-out wind speed hitherto 
has had to be reduced due to the risk of stall vibrations 
40 in wind speeds up to the normal cut-out wind speed of 
typically 25 m/s.. As result the profitability is improved 
considerably. 

[0012] Compared to vibration dampers thepresent In- 
vention is advantageous in that a built-in devlceof acon- 
45 siderable size and maintenance thereof is not required. 
[00131 Furthermore The invention is advantageous in 
that It Is very suitable for subsequent mounting. Thus, 
In a wind turbine in which the combination of structure 
dynamics and aerodynamic allows stall vibrations said 
so vibrations can be dampened or prevented by means of 
the present Invention in a particularly simple and Inex- 
pensive manner. 

[00141 Finally the Invention is advantageous In that an 
embodiment thereof, which is very effective in damping 
s$ stallVtbratlons, also has a positive Influence on the pow- 
er curve of the wind turbine. As a result a particularly 
surprising effect of the invention is obtained. 
[0015] Advantageous embodiments of the invention 
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are disclosed in the sub-claims. 
[0016] The expression "stall vibrations* (sometimes 
denoted stall-induced vibrations) on wind turbines have 
been used stnce the 1 980'les. However, the first obser- 
vations of this phenomenon on large wind turbines have 
later proved to be misinterpreted. In practice only in re- 
cent years has the phenomenon been found in commer- 
cial wind turbines. Consequently the knowledge availa- 
ble about the phenomenon, its origin and the remedy 
thereof is rather limited. 

[0O1 7] Based on their own tests the Inventors have 
the following understanding of stall vibrations: 
[001 B] In operation, the blades of stall regulated wind 
turbines may be In a state in which the aerodynamic 
damping is small or negative. At very negative damping 
the total damping, which is the sum of the aerodynamic 
and the structural damping, can become negative- The 
wind turbine may then become self-excited- The vibra- 
tions do not necessarily depend on a coupling between 
the individual blades and most likely the vibrations have 
high amplitudes in flar>wise direction. This type of vi- 
brations was assumed to be observed on the Nibe-A 
wind turbine in the early ISSC'Ies, but later measure- 
ments revealed that the turbine did not enter Into such 
a state. 

[001 9] Another type of stall vibrations seem to occur 
when the total damping not necessarily becomes neg- 
ative, but when the combination of little damping and 
aeroelastic feedback result In instability. This type of 
stall vibrations may occur.when the edge-wise natural 
frequency of the blades is dose to the second harmonic 
tltt or yaw frequency. During.the vibration perse an ae- . 
roeiastic coupling takes place between the edge-wise 
movements of the blades in the first vibration mode and 
the flap-wise movements in the second tilt or yaw mode. 
As the deformations at the blade root In flap-wise direc- 
tion not necessarily are particularly serious In the sec- 
ond mode, the phenomenon is primarily observed by 
measurements on the blade root as deformation In 
edgewise direction. This phenomenon is therefore of- 
ten called edge vibrations. 

[0020] Based on me flbovo knowledge, of which much 
are not commonly known, in general stall vibrations can ■ 
be dampened or prevented by increasing the aerody- 
namic damping. Edge vibrations may furthermore be 
dampened or prevented by altering the dynamics of the 
wind turbine such that the edge-wise natural frequency 
is further apart from the second harmonic yaw frequen- 
cy. The present invention alms at the first solution. 
[0021] Preferably, the increase in the aerodynamic 
damping is obtained by using aerodynamic modifica- 
tions which do not impair the aerodynamic permanence 
of the dampened blade. Tests have shown that tabula- 
tors arranged on the leading edge of the blade are suit- 
able for this purpose. The detailed understanding of how 
the increased aerodynamic damping is obtained Is not 
quite established, inter alia as the damping conditions 
at normal, non-modified, aerodynamic profiles on wind 



turbine blades are not quit© established. It Is assumed 
that the effect Is due to a combination of partly a reduced 
Cl-max. (maximum lift coefficient) of the mocfifled profile 
and partly (and partly as a result of the reduced Cl-max.) 
& a reduced hysteresis loop of the profile in stall. Moreover 
- although depending on the practical design - the ta- 
bulator comprises the feature that it in Hs stall state Is 
able to effect a considerably larger area of the blade and 
not merely the area immediately behind the turbulator. 
10 This effect enables a turbulator of a length of only 2-3 
% of the length of the blade to effectively dampen the 
edge vibrations. 



1$ 



Brief Description of the Drawings 

[0022] Advantageous, practical embodiments of the 
invention are explained In detail below. Reference is 
made to the drawings, in which 

20 Fig. 1 illustrates an example of stall vibrations, 

Rg. 2 Is a diagrammatic view of a known turbulator 
arranged on the leading edge of a wind turbine 
blade, 



25 



30 



Rg. 3 is an example of how the use of the tu rbulator 
in Rg. 2 removes stall vibrations, 

Fig. 4 is an example of how the turbulator may be 
arranged in segments, 

Fig, 5 ie an example of how the segmented turbu- 
lator improves the power curve of the wind turbine. 



$s Best Mode lor Carryinc} out the Invention 

[0023] Rg. 1 illustrates an example of stall vibrations. 
The figure illustrates the relation between different pa- 
rameters and time of a vibration course, the time in sec- 
40 ends being Indicated on the abscissa. From the top the 
ordinate shows: 

ft the wind speed (m/s.); 

B: power (kW); 
45 C: the flap-wise blade root moment; 

D: the edge-wise blade root moment; 

E: the tilt moment; 

F: the rotation moment and 

G and H: the moment in the tower base in two dl- 
$0 rections perpendicular to each other. 

[0024] All moments are presented as uncalibrated 
output voltage from strain gauge ampfifiers. Priortothe 
occurrence of vibrations the signal for the edge-wise 
" 55 blade root moment Is dominated by the dead load. At 
the approximate time 1 the vibrations begin when the 
wind speed exceeds the limit of the stable state. The 
vibration reaches its maximum amplitude at the time 2. 
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said amplitude being considerably above that caused 
by the normal load from the dead load and reduces the 
life of the blade considerably, if not controlled, 
[0025] Fig. 2 illustrate an example of a turbulator In 
form of a stall strip 3 having an equilateral, triangular 
crosssectlonwfthasidelengttiofapproJdmatetylOmm. 

The turbulator Is arranged on the leading edge of the 
blade 4 in the stagnation point. The strip has a length of 
500 mm and is arranged from 3300 mm from the blade 
Lip and towards the centre. 

[00261 Fig. 3 Is an example of how the use of the tur- 
bulator in Fig. 2 removes stall vibrations. The figure 
comprises two x-y diagrams of the edge-wise blade root 
moment versus the wind speed in m/s.. The moment is 
rendered as uncalibrated. output voltage from strain 
gauge amplifiers. The mean values are shown In the x- ■ 
y diagrams by means of a cross and the minimum and 
maximum values by means of a dot. In one diagram (Fig 
3A), which is recorded prior to the use of the turbulator 
according to the invention, the blades begins to vibrate . 
at approximately 16 m/s. at which point the minimum 
and maximum values diverge from the mean value. At 
a slightly higher wind speed, the amplitude of the vibra- 
tions become unacceptable. In the second diagramme 
(Rg. 3B), which is recorded after the use of the turbula- 
tor according to the invention, the blades do not vibrate 
at anytime and the operation can continue until the nor- 
mal cut-out wind speed of 25 m/s Is reached. 
[0027] Fig. 4 is a top and front view of an example of 
how the turbulator may be arranged as stall strips in seg- 
ments. A 10 mm triangular strip as shown in Fig. 2 is 
used. Four segments, each of a length or 500 mm, ere 
arranged on the leading edge of a LM 19,1 blade. The 
outermost segment is arranged with the largest radius 
of 3300 mm from the tip of the blade 4. The inner seg- 
ments are evenly Interspaced with 1500 mm. The total 
length of the blade is approximately 20 m, 
[0028] Fig. 4 Illustrates an example of how the seg- 
mented turbulator In addition to preventing stall vibra- 
tions also improves the power curve of the wind turbine. 
The figure comprises two x-y diagrammes of the power 
in kW versus the wind speed in m/s. In the x-y dia- 
grammes the mean values are indicated by means of a 
cross and the minimum and maximum values by means 
of a dot I n one diagrammes (Fig. 6A), which is recorded 
prior to the use of the turbulator according to the Inven- 
tion, the power limitation is only gradual and no actual 
maximum value is obtained. The desired power of 550 
kW Is noticeably exceeded. In the second diagramme 
(Fig. 5B), which Is recorded after the use of the segment- 
ed turbulator according to the invention, the power lim- 
itation is very prompt and a particularly beneficial power 
curve is obtained. 

[0029] A turbulator and turbulator segments respec- 
tively formed as a stall strip with a triangular cross sec- 
tion have been Illustrated and described above. Howev- 
er it should be noted thai such a stall strip may have any 
advantageous cross section. 



Claims 



1 . A wind turbine having a blade (4) provided with a 
turbulator arranged in or close to the stagnation 
5 point, characterised In that it comprises at least 
two turbulator segments (3) formed by strips and 
arranged interspaced along the leading edge of the 
blade. 

10 2. A wind turbine as claimed in claim 1 . characterised 
in that each turbulator segment (3) is a substantially 
triangular strip. 

3. A wind turbine as claimed in claim 1 or 2, charac- 
1$ tertsed In that It comprises 2-10 turbulator seg- 
ments (3), each having a length of 1-5% of the 
length of the blade (4) and arranged with interspac- 
es or 1-15% or the length of the blade (4) on the 
leading edge from a point 1 -20% of Che length of the 

20 blade (4) from the blade tip and towards the centre. 

4. A wind turbine as claimed in claim 1 or 2, charac- 
terised in that it comprisesfourturbulator segments 
(3). each having a length of approximately 2.5 % of 

25 the length of the blade (4) and arranged with inter- 
spaces of approximately 7.5 % of the length of the 
blade {4) on the leading edge from a point approx- 
imately 1 5% of the length of the blade (4) from the 
blade tip and towards the centre. 

■ so 

PatentansprQche 

1 . Windturblne, die ein$n FtOgel (4) mit einem Turbu- 
35 lenzerzeuger aufweist, der an Oder rtahe dem Sta- 
gnationspunkr. angeordnet 1st, dadurch gekenn- 
zefchnet, dass sle mindestens zwei Turbulenzer- 
zeugereegmeirte (3) aulwelst, die durch Leisten go- 
bildet und rnit Zwlschenraumen lings der vorderen 
40 Kante des Flugels angeordnet sind. 

" 2. Windturblne nach Anspruch 1. dadurch gckenn- 
zelchnet, dass Jedes Turbulenzerzeugersegment 
(3) eine lm Wesentlichen dreieckige Lebteist. 

Windturbine nach den Anspruchen 1 oder 2, da- 
durch gekennzelchnet, dass sie 2 bis 10 Turbu- 
lenzerzeugersegmente (3) aulwelst, die jeweils ei- 
ne Lfinge von 1 Ws 5 %der FlugellSnge (4) haben ? 
und die mlt Zwischenraumen von 1 bis 15 % der 
Flugellftnge (4) auf der vorderen Kante des Flugels 
von einem Punkt 1 bis 20% der ROgellange (4) von 
der FlOgelspitze in Rlchtung Mitte angeordnet sind. 

Windturblne nach den AnsprQchen 1 oder 2, da- 
durch gekennzelctmet, dass sie vlerTurbulenzer- 
zeugersegmente (3) aufwelst, die jewetls eine Lan- 
ge von ungefShr 2.5% der Flugellange (4) haben. 
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und die rro't Zwischenraumen von ungeffihr 7.5% 
der ROgellange tfi) auf dervorderen Kantedes RO- 
gels von einem PunW ungear 15% der Rugell&n- 
ge (4) von der ROgetepiUe in Richtung Mine ange- 
ordnet sind. 6 
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Revendlcations 

1. Turbine eolienne oomportant une lame (4) prevue 
avec un inducteur de turbulence agence au point 
de stagnation ou pres de celul-ci, caracterlsee en 
ce qu'elle cornprend au moins deux segments d'in- 
ducteur de turbulence (3) formes par des bandes et 
agences en etant eepaces Tun de I'autre le long du 
bord d'attaque de la lame. 

2. Turbine eolienne seton la revendication 1 , caracle- 
riBee en ce que chaque segment d'lnducteur de tur- 
bulence (3) est une band© sensiblement triangulaV- 20 
re. 

3. Turbine eolienne selon la revencfication 1 ou 2 P ca- 
racterisee en ce qu'elle cornprend 2 MO segmentB 
d'inducteur de turbulence (3), chacun presenter* 2* 
une longueur de 1 & 5 % de la longueur de la lame 

(4) et etant agence avec des espacements de 1 & 
1 5% de la longueur de la lame (4) sur 1e bord d'at- 
taque par rapport a un point situe a une distance de 
1 k 20% de la longueur de la lame (4) de la pointe bo 
de la lame et en direction du centre. 

4. Turbine eolienne selon la revendic&tion 1 ou 2 ( ca- " 
racterisee en ce qu'elle eomprend quatre segments 
dinducteur de turbulence (3) r chacun presentflnt 35 
une longueur ayant appmxlmatrvement 2,5 % de la 
longueur de la lame(4) errant agence avec des 
espacements ayant approxlmativement 7,5% de la 
longueur de la lame (4) sur te bord d'attaque par- 
rapport k un point situe approxJmativemerrt & 15% 40 
de la longueur de la lame (4) de la pointe de la lame 

et en direction du centre. 
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